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This article reveals a novel aspect in the regulation of synaptic connectivity in Drosophila. Reducing neural activity genetically or pharmacologically disrupts the normally precise embryonic and larval neuromuscular connections. In third instar larvae with mutations that affect sodium channel function or expression such as no action potential, temperature-induced paralysis E, or seizure', foreign neuromuscular synapses, arising from inappropriate nerve sources, are observed on muscle fibers throughout the abdominal body wall. Their frequencies increase as neural activity is further reduced in double mutant combinations. These foreign connections are first observed during late embryogenesis as filopodial-like contacts, but critical period analysis suggests that neural activity must be reduced during both late embryogenesis and the first larval instar to promote the differentiation of these embryonic contacts into foreign motor synapses.
In addition, the loss of electrical activity in the motoneuron, as opposed to the loss of postsynaptic potentials in the muscle fibers, appears to be responsible for these changes in connectivity. Neural activity plays a major role in establishing synaptic connections by influencing processes such as growth cone motility, target selection, and morphogenesis (reviewed by Goodman and Schatz, 1993) . For example, in the vertebrate visual system, correlated synaptic activity between neighboring afferents is critical in refining the initially coarse connectivity. Synaptic activity directly regulates the segregation of visual inputs into alternating columns in mammals and experimentally manipulated lower vertebrates (Meyer, 1982; Schmidt and Edwards, 1983; Reh and Constantine-Paton, 1985; Stryker and Harris, 1986; Cline and Constantine-Paton, 1989) . Synaptic activity plays a similar role at the vertebrate neuromuscular junction (NMJ), where it regulates synapse elimination of the multiple motoneurons that initially innervate a muscle fiber. For example, chronic synaptic silencing increases the num-ber of multiply innervated muscle fibers, while prolonged neuromuscular stimulation leads to accelerated synapse elimination (Benoit and Changeux, 1978; O'Brien et al., 1978; Thompson, 1983) . This occurs through competition, where active synaptic sites destabilize less active ones located on the same muscle fiber (Balice-Gordon and Lichtman, 1993) . Synaptic activity can also regulate later events at the vertebrate NMJ. For example, blocking synaptic activity or denervating muscle fibers in adults results in the appearance of collateral sprouts derived from nearby nerve terminals (Brown and Ironton, 1977; Holland and Brown, 1980) . These treatments cause the muscle fiber to revert to an earlier developmental state in which it reexpresses growth factors and adhesion molecules that promote motoneuron growth (Couvalt and Sanes, 1985; Reiger et al., 1985; Ishii, 1989; Caroni and Schneider, 1994) .
Invertebrate systems, particularly Drosophila, are well suited for studying the role of synaptic activity during neuromuscular development. The Drosophila NMJ is a well-defined model system with uniquely identified pre-and postsynaptic cells that establish precisely specified connections (Keshishian et al., 1993) . This allows for the observation and manipulation of single synapses throughout development. Moreover, several forms of plasticity occur at the Drosophila NMJ. The double mutant ether a go-go (eag) Shaker (Sh), which affects potassium channels and leads to enhanced nerve excitability, induces larval endings with increased numbers of branches and varicosities (Ganetzky and Wu, 1983; Budnik et al., 1990) . Similar effects are seen with changes in CAMP-specific phosphodiesterase, CaM-dependent adenylyl cyclase, and CaM kinase I (Zhong et al., 1992; Wang et al., 1995) . Moreover, embryonic denervation of muscles results in motor ending sprouting similar to that observed in vertebrates, demonstrating an additional example of plasticity (reviewed by Keshishian et al., 1993 Keshishian et al., , 1994 Halfon et al., 1995) .
Synaptic activity also influences early aspects of Drosophila NMJ development. For example, motoneuron excitation is required to localize glutamate receptors to the NMJ during embryogenesis (Broadie and Bate, 1993a,b) . Embryonic synaptic transmission is first detected shortly after the growth cones contact their muscle targets (Broadie and Bate, 1993~) . Therefore, synaptic activity may influence other aspects of synaptogenesis during this period, such as the refinement of connectivity. However, neither pathfinding nor target selection are affected by blocking activity (Broadie and Bate, 1993a) . Furthermore, synapses remain polyinnervated throughout larval life (Keshishian et al., 1993) , suggesting that synapse elimination, characteristic of vertebrate NMJs, does not occur in Drosophila. Our experiments address the role of neural activity in maintaining the precise connectivity observed at the Drosophila NMJ during embryonic and larval development. Attention was focused on the induction of collateral sprouting, as this type of target plasticity results from muscle fiber denervation in Drosophila. In addition, in vertebrates the loss of synaptic activity is partially responsible for neuromuscular sprouting (Brown, 1984) . Therefore, we reduced electrical activity during neuromuscular development both genetically and pharmacologically, using several mutants that affect Na channels as well as toxins that prevent synaptic activity. These experiments indicate that neural activity is involved in preventing innervation from secondary sources and that it may be involved in maintaining precise connectivity following its initial establishment.
Materials and Methods
Fly stocks Flies were reared at room temperature (22-25°C) unless otherwise indicated. Canton-S wild-type flies were used (CS-5, Woodard et al., 1989) . The following mutants were used.
nap": Adult flies and larvae paralyze at 37°C due to the failure of action potentials (Wu et al., 1978) . The gene is allelic to male lethal and encodes a transcription factor that regulates expression of the paru Na channel (Kernan et al., 1991; Kuroda et al., 1991) .
puru"': Adults paralyze at 29°C and larvae at 37°C due to the failure of action potentials (Suzuki et al., 1971) . These larva remain mostly physiologically normal at permissive temperatures (Siddiqi and Benzer, 1976; Wu and Ganetzky, 1980) . The gene encodes one of the Na channels (Loughney et al., 1989) .
par&? It behaves as a null mutation with early first instar lethality (Ganetzky, 1984) . It was maintained over a FM7c chromosome containing a P-galactosidase transgene, permitting the distinction of homozygous.aid heterozygous embryos-using P-galactosidase labeling.
eu~': It removes about 50% of I, current. (Ganetzkv and Wu, 1983) . #z';>~~: It reduces I, current and'prolongs 'EJPs (danetzky and Wu, 1983 ).
se?: It is a recessive mutation with increased spontaneous activity in the adult giant fiber system although it induces paralysis at temperatures over 40°C (Kasbekar et al., 1987) . Binding studies indicate that the number of Na channels are reduced at all temperatures (Jackson et al., 1984 (Jackson et al., , 1985 . Na current density is reduced in embryonic neurons (O'Dowd and Aldrich, 1988) . The gene encodes an eag family potassium channel (L. Hall, personal communication) . At this time the mechanism of paralysis remains unclear for this mutation.
se?: This is a semidominant mutation ,with increased spontaneous activity in the adult giant fiber system (Kasbekar et al., 1987) . It changes the affinity of ligand binding to Na channels, but not channel numbers or Na current density (Jackson et al., 1984 (Jackson et al., , 1985 O'Dowd and Aldrich, 1988) . At this time the mechanism of paralysis remains unclear for this mutation.
tipE: Adults paralysis at 40°C due to the failure of action potentials (Kalkarni and Padhye, 1982) . It encodes a novel transmembrane protein, which may be an auxiliary protein essential for puru Na channel function (Feng et al., 1995) . y (/)ldz.< p6"cu~: This is a lethal deletion that lies close to paru but does not uncover it (Stern et al., 1990) . Dp (I;4 ) r' r: This duplication carries the region 14A-16A2 attached to the fourth chromosome. It covers the paru gene as well as (1)ld2'?-'. Its presence was scored byf+ (Stern et al., 1990) . This stock and the preceding one were used for generating puru duplications.
syY>' and syt 741. These alleles have first instar lethality and were crossed to generate transheterozygotes that survive until eclosion. In ADl/T41 third instar larvae evoked PSPs show a 75% reduction (Littleton et al., 1994) .
Temperature shijts
Embryos.
Mutant embryos were collected for 2 hr at room temperature. For some experiments they were reared continuously at 18°C until dissection. In others, they were raised at 18°C until stage 15, at which time they were shifted to 34°C for 2.5 hr until late stage 16/early stage 17.
At this stage, all embryos were dissected, fixed, and l abel ed with antibodies to fasciclin II (Van Vactor et al., 1993) . In the case of the puru'"5 embryos, they were also stained with anti P-galactosidase (Promega). Third instur larvae. Third instar larvae reared at room temperature were collected from vials containing adult flies. In order to obtain temperature-shifted third instar larvae, embryos were collected at room temperature for 2 hr, and then were allowed to develop at 18°C until early stage 15. Then they were temperature-shifted to 34°C for 6 hr until the end of embryogenesis, at which point they were down-shifted to 25°C for 18 hr. During subsequent larval development they were temperature shifted from 25°C to 37°C 6 hr/d. At the wandering third instar stage, larvae were dissected, fixed, and stained with anti-HRP Dissection and staining Dissection and immunocytochemistry of both embryos and larvae were done as described by Halpern et al. (1991) . Third instar larvae were often heat-fixed in 60°C water for 5 set prior to dissection. Antibodies to fasciclin II (Van Vactor et al., 1993) , fasciclin III (Pate1 et al., 1987; Snow et al., 1989) , mouse anti P-galactosidase (Promega), and goat anti-HRP (Cappel) were used. Primary antibodies were visualized using peroxidase-linked secondary antibodies (Vectastain elite ABC kit, Vector Labs; donkey anti-goat, Cappel). X-gal staining for P-galactosidase detection was performed as described by Bellen et al. (1989) overnight at 37°C.
Filleted embryo culture Embryos dissected at early stage 16 (13 hr AEL) as determined by gut development were cultured in L15 medium without glutamate (Sigma). FCS (5%; Hyclone), 10 mg/ml glucose, 2 mg/ml trehalose, 0.125 U/ml insulin (Sigma), 50 U/ml penstrep (Sigma), and 1 rig/ml P-ectosterone (Sigma) were added to the medium. Embryos were filleted in saline, which was replaced with L15 after dissection. In order to allow oxygen exchange, embryos were barely submerged with L15. Neural activity was blocked by the addition of TTX, at a final concentration of 10 pM. Glutamate receptor activation was blocked by the addition of AR636 at a final concentration of 0.01 pg/bl. Embryos developed for 4-5 hr at 25°C in a humid chamber until early stage 17. Until this point NMJ development proceeded normally. However, prolonged culturing during stage 17 led to the deterioration of the muscles although the cuticle, mouth hooks, and denticle belts continued to develop. The embryos were fixed and stained as described above. A similar culture system was developed by Broadie et al. (1992) .
Toxin Injection
Toxin injections were performed as described by Keshishian et al. (1993) . The toxins were injected into intact animals at early stage 16 (13 hr AEL). The embryos were allowed to develop for 4 hr at 25°C. They then were dissected, fixed, and stained with anti-HRP (Johansen et al., 1989b) .
Results
Our experiments indicate that decreasing neural activity promotes the appearance of ectopic neuromuscular synapses in Drosophila. This was shown using mutants that affect Na channels, such as paralytic (para), no action potential (nap), temperatureinduced paralysis E (tipE), and seizwe (sei) (for review see and pharmacological agents such as TTX, which prevents action potentials, and the orb-web spider toxin AR636, which abolishes glutamate receptor activation (reviewed by Jackson and Underwood, 1988) . We observed collateral sprouts in the embryos, which correlated with the presence of ectopic synapses in the third instar larvae. Furthermore, neural activity must be reduced during both the embryo and the first instar to promote the differentiation of these filopodial-like sprouts into the ectopic synapses seen in third instar larvae. Our results indicate that neural activity is not required to form the general pattern of connectivity but prevents innervation from inappropriate secondary sources later in development.
The Drosophila NMJ Because the Drosophila NMJ is well characterized, the effect of synaptic activity blockade could easily be assessed. Anterior is up and ventral is to the left. The ventral longitudinal muscle fibers 7, 6, 13, and 12 and the identified motoneurons that innervate them are shown. The CNS is to the left, shaded in gray. The anterior and posterior commissures, the longitudinal connectives, and the two main nerve tracts (SN and ISN) are shown in ou$ine. Motoneuron RP3, which innervates muscle fibers 6 and 7 in their shared cleft, is black. Motoneurons RPI and RP4, which innervate muscle fiber 13, are white. The transverse nerve (TN), which runs along the segmental border of the ventral longitudinal muscles but normally does not innervate them, is shown in black.
located in the ventral nerve cord (shown schematically in Figure  1 ; Johansen et al., 1989a; Bate, 1990; Sink and Whitington, 1991a) . Each motoneuron innervates a specific muscle target, resulting in precise connectivity at all muscle fibers. For example, the motoneuron RP3 always innervates muscle fibers 6 and 7 at their shared cleft while RPl invariably innervates the adjacent muscle fiber 13 ( Fig. 1 ; Halpern et al., 1991; Sink and Whitington, 1991a,b) . During mid-embryogenesis motoneuron axons exit the CNS in each hemisegment within the two main nerves, the segmental and intersegmental nerves (SN and ISN). The growth cones first contact their specific muscle targets several hours later during early stage 16 (Johansen et al., 1989b; Broadie and Bate, 1993~) . Synaptic transmission begins shortly after the growth cones contact their muscle targets (Broadie and Bate, 1993~) . The original contacts are immunopositive for glutamate, which is the main neurotransmitter at the Drosophila NMJ (Jan and Jan, 1976a,b; Johansen et al., 1989b) , and are capable of evoking PSPs (Broadie and Bate, 1993~) . Even though the embryonic motor ending is active and prefigures the mature larval ending in both synapse location and shape, it exhibits an immature morphology (Johansen et al., 1989a) . It is not until the last hours of embryogenesis that the synapse differentiates its first synaptic boutons. During the first instar stage, the different ending types (type I with large boutons and type II with small boutons) become distinguishable. During larval life, the NMJ continues to develop, with large increases in bouton and branch number as well as muscle fiber surface area (Keshishian et al., 1993) . At this point, she highly stereotypic ending morphology of each muscle fiber can be observed (Johansen et al., 1989b) .
Activity mutants that affect Na channels display ectopic neuromuscular synapses in third instar larvae To determine the role of neural activity in maintaining correct synaptic connectivity, activity mutants that affect Na channels, such as paralytic, no action potential, temperature induced paralysis E, and seizure were analyzed during the third larval instar for the presence of ectopic neuromuscular synapses similar to those induced after denervation. These mutations directly affect action potentials in the neuron since Na conductances do not exist in the muscle fibers. Two different classes of mutations were examined in this study. The first consists of mutations in Na channel proteins. There are two characterized Drosophila Na channels, but only one, paralytic, has mutations (Salkoff et al., 1987; Loughney et al., 1989) . paralytic is expressed ubiquitously in embryonic and larval neurons (Hong and Ganetzky, 1994) . para's', a hypomorphic mutation in the para Na channel protein, was used in this study as it does not affect larval viability (Siddiqi and Benzer, 1976) . This mutant paralyzes at elevated temperatures in both the embryo and the adult, but does not show a reduction in the number of Na channels in ligand binding studies at any temperature (Kauvar, 1982) . Moreover, it does not have many phenotypes at the permissive temperature, such as increased TTX sensitivity or changes in refractory period (Siddiqi and Benzer, 1976; Wu and Ganetzky, 1980) .
The second class of mutations, which affects Na channel expression or function, was also analyzed. This class includes nap", tipE, and se?. nap encodes a transcription factor that regulates para Na channel expression (Kernan et al., 1991; Kuroda et al., 1991) , tipE encodes a novel transmembrane protein that may be an auxiliary protein required for Na channel function (Feng et al., 1995) , and seizure encodes a eag family potassium channel (Hall, personal communication) .
All three mutants show reductions in ligand binding to Na channels in adult CNS extracts at high and low temperatures (Kauvar, 1982; Jackson et al., 1984 Jackson et al., , 1985 Jackson et al., , 1986 . Moreover, in sei' and tipE embryonic neurons, Na current densities are reduced while in para"', there are 25% fewer neurons with Na conductances (O'Dowd and Aldrich, 1988; O'Dowd et al., 1989) . In contrast, Na current densities were unaffected in nap" embryonic cultured neurons, although nap protein is expressed during late embryogenesis (O'Dowd et al., 1989; Kuroda et al., 1991) .
We analyzed mutant third instar larvae after they had developed in either of two conditions. Animals were raised at room temperature throughout their entire embryonic and larval development or were temperature shifted to 37°C for 6 hr/d from late embryogenesis through the third instar. For these mutants, 37°C is near the restrictive temperature, but prolonged exposure to this temperature is lethal even to wild-type animals (see Ashburner, 1989) . Therefore, temperature shifting 6 hr/d allowed for substantial activity block during that period, while still ensuring the survival of the larvae. ~ Neuromuscular connectivity was first assessed by analyzing the innervation on the ventral longitudinal muscle fibers 6 and 7 in third instar larvae. An increase in the frequency of ectopic endings on these muscle fibers was observed in nap'", tipE, and sei' larvae raised at all temperatures. Ectopic endings refer to motoneuron terminals on a muscle fiber that are located at unusual sites and arise from inappropriate sources. Therefore, innervation from inappropriate motoneurons located at the site of native innervation would remain undetected. The ectopic endings are morphologically similar to those induced by muscle fiber denervation, and arise from the same nerve sources ( Fig.  2 ; Keshishian et al., 1993 Keshishian et al., , 1994 Halfon et al., 1995) . Ectopic endings in third instar larvae originate from three nerve sources. Five percent come from SNb motoneurons that innervate muscle fibers 13 and 12 ( Fig. 2A,B) . Another 25% come from SNd branches that innervate the ventral oblique muscle fibers 15 and 16 (Fig. 2B,C) Figure 3 . The frequency of ectopic endings in mutant third instar larvae. In nap'%, xi', and tipE, about a threefold increase in the frequency of ectopic endings is observed in larvae raised at room temperature, compared to CS wild type 0, < 0.025 by t test). After rearing the animals at 37°C for 6 hr/d, there is an additional twofold increase. The temperature-induced increase was significant in the mutants when compared to CS temperature-shifted animals (p < 0.005) and to their own room temperature levels 0, < 0.01). However, the frequency of ectopic endings in PU&~' larvae was not different from wild type at either temperature. IZ = CS: room temperature (RT), 89 heisegments in 8 animals; CS temperature-shifted (TS), 68 in 9. nap" RT, 76in 15; nap" TS, 86 in 12; tipE RT, 116 in 20; tipE TS, 96 in 12; pu~u'\' RT, 116 in 17; par&' TS, 89 in IO sei' RT, 109 in 21; sei' TS, 129 in 13.
from the transverse nerve, which normally runs along the segmental boundary of these muscle fibers but rarely innervates them (Fig. 20) . This nerve carries sensory input as well as efferent axons that innervate the allary muscle fiber and muscle fiber 25 (Gorczyca et al., 1994) . Most ectopic endings originated from axons as opposed to nerve terminals. They showed typical motor ending anatomy, including the several classes of boutons previously described (Atwood et al., 1993) . A threefold increase over the' wild-type frequency of ectopic endings on muscle fibers 6 and 7 was observed nap=", se?, and tipE larvae raised at room temperature. The frequency increased from 5.8% of hemisegments/larvae in Canton-S (CS) to almost 17% in each of the three mutants (p < 0.025; Fig. 3 ). An additional twofold increase to at least 30% was observed after the temperature shift regimen. This temperature-induced increase was significant in nap':, se?, and tipE when compared both to CS temperature-shifted animals (p < 0.005) and to their own room temperature levels 0, < 0.01; Fig. 3 ). The hypomorphic innervating muscle fiber 12 (white urrow) onto muscle fiber 6 (black arrowhead). The native ending on muscle fiber 6 is unaffected (black arrow). B, An ectopic ending on muscle fiber 7 (black arrowhead) originates from the SNd nerve branch innervating muscle fibers 16 and 1.5. An ectopic ending from the SNb branch extends back onto muscle fiber 6 (hlrrrk a~~~~hmr/). The n;itive ending on muscle fiber 6 and 7 is unaffected (b/nrk arrow). C, An ectopic ending ongmating from the ending on muscle fiber 16 innervates muscle fiber 7 in two adjacent segments (black arrowheads). D, An ectopic ending originating from the transverse nerve innervates muscle fiber 6 (black arrowhead). E, An ectopic ending originating from the native ending on muscle fiber 12 (black arrow) innervates muscle fiber 13 (bZuck arrowfiead).
The native ending on muscle fiber 13 is shown (black arrow). F, Ectopic ending on muscle fiber 12 (black arrowhead) originates from the SNa branch that innervates the muscle fibers just dorsal to muscle fiber 12. The native ending on muscle fiber 12 is unaffected (black arrow). Scale bar: 25 pm for A-E, 40 )*m for F. para"/ mutant, however, did not increase the levels of ectopic endings at any temperature, perhaps because this mutant does not have phenotypes at the permissive temperature (Siddiqi and Benzer, 1976; Wu and Ganetzky, 1980; Kauvar, 1982) . Our data suggest that the increase in the number of ectopic endings in the activity mutants is not due to background influences, but specifically to reductions in neural activity. nap", se?, and tipE all show a temperature-sensitive increase in the frequency of ectopic endings unlike CS (Fig. 3) or Oregon R (data not shown) wild-type larvae. Moreover, a duplication of the paralytic gene, which previously has been shown to specifically rescue temperature-induced paralysis in nap" animals (Stern et al., 1990) , prevents the appearance of. ectopic endings in napfs larvae in our study (Table 1) . Therefore, it is unlikely that background influences or that other genes whose expression could be regulated by this transcription factor cause ectopic ending to appear in nap" larvae. It is much more likely that this phenotype is due to loss of Na current in the motoneuron.
Several mutants that increase neural activity were also analyzed in order to determine if ectopic ending formation occurs specifically in response to decreased activity or alternatively to deviations in either direction. In the eag sh double mutant, which affects potassium channels and leads to nerve hyperexcitability, the number of ectopic endings on muscle fibers 6 and 7 did not increase at either temperature compared to wild type (Table 1 ; Ganetzky and Wu, 1983) . A second allele of seizure, se?, was also analyzed. seizure encodes a potassium channel, and both alleles have a hyperactive phenotype in the adult giant fiber system (Kasbekar et al., 1987; L. Hall, personal communication) . However, sei', which has both a lower number of Na channels and a lower Na current density, increases the frequency of ectopic endings at any temperature, while se?, which shows neither of these phenotypes, does not (Table 1; Jackson et al., 1984 Jackson et al., , 1985 Jackson et al., , 1986 O'Dowd and Aldrich, 1988) . Thus, the appearance of ectopic endings is specifically dependent on reductions in neural activity.
Double mutants further increase the frequency of ectopic endings
Neural activity is not totally blocked in any of the single mutants examined. Two double mutants were generated to determine whether the frequency of ectopic endings is increased in more severe mutant combinations.
Both nap"; tipE and paratS'; tipE adults have a greater reduction in Na channel number than, paralyze at much lower temperatures than, and show reduced viability in comparison to either corresponding single mutant (Ganetzky, 1984 Jackson et al., 1986) . At room temperature the double mutants have a slight increase in the number of ectopic endings in third instar larvae. nap"; tipE third instar larvae have a frequency of ectopic endings of 24% of hemisegments/ animals, and the frequency in para"'; tipE larvae is 22% (Table   1 ). This increases to 40% in both double mutants after undergoing temperature shift (p < 0.005 when compared to double mutant reared at room temperature and p = 0.025 when compared to temperature-shifted single mutants; Table 1 ). The frequency of ectopic ending correlates with the extent of the activity block. Thus, the further that neural activity is reduced the greater the number of ectopic endings that will appear.
Ectopic endings are observed on muscles throughout the body wall
The mutants are expected to affect neural activity in all motoneurons. Therefore, increases in the frequency of ectopic endings should be seen on muscle fibers throughout the body wall. As predicted, we observed them on many different muscle fibers, not just on muscle fibers 6 and 7. For example, in Figure   2E , the native motor ending of muscle fiber 12 extends a process back onto muscle fiber 13. In this case fhe ectopic ending comes from the same nerve branch that normally innervates muscle fiber 13. In Figure 2F , muscle fiber 12 receives an ectopic ending from SNa, a nerve that normally innervates mid-bodywall muscle fibers dorsal to 12. Throughout the body wall, the native endings appear to be unaffected by the ectopic synapses. The number of ectopic endings on muscle fiber 12 was quantified for CS, and for the napfs, sei', and tipE mutants, which had undergone the temperature shift regimen. A significant increase in the number of ectopic endings was observed on muscle fiber 12 in all of the mutants compared to CS control larvae (Table  2 ). In addition, ectopic endings were observed on the dorsal body wall muscles. For example, several ectopic endings, orginating from the transverse nerve were observed on muscle fiber 5. Multiple example of ectopic endings, arising from SNa nerve branch that innervates the transverse muscle fibers, were seen on muscle fiber 4 (data not shown). The fact that ectopic endings are observed throughout the entire body wall supports the hypothesis that ectopic ending formation is promoted by hypoactivity.
Collateral sprouting is first observed during late embryogenesis To determine the time course for the formation of ectopic endings, mutant embryos were analyzed for inappropriate innervation. It was now possible to use par&5, which behaves as a null mutant with first instar lethality (Ganetzky, 1984) as well as the other mutant lines previously described. The para embryos have previously described electrophysiological and behavioral phenotypes. For example, synaptic transmission fails in these embryos at 34°C (Broadie and Bate, 1993a) . Therefore, embryos were reared at either 18" C or 34°C. Rearing para embryos at 34°C promotes the appearance of immature filopodial contacts on muscle fibers 6 and 7. We refer to these as collateral sprouts. Every collateral sprout originates from the transverse nerve (Fig.  4A) , unlike the third instars, where ectopic endings arise from several nerve sources. The frequency of collateral sprouting on muscle fibers 6 and. 7 increases in the para'*' and paratk5 mutants from about 10% of hemisegments in wild-type animals to 30% in para animals reared at the restrictive temperature @ < 0.005; Fig. 5A ). In addition, paraik' heterozygotic embryos also show a similar temperature sensitive increase in collateral sprouting on muscle fibers 6 and 7 from 17% of hemisegments at 18°C to 27% at 34°C 0, < 0.005; n: 18"C, 106 hemisegments in 12 embryos; 34°C 116 heisegments in 13 embryos). These increas-.._ ."._'..'_" .__I I es are not due to the high temperature itself, but to the resulting failure in action potentials. For example, pararr' embryos reared at 32°C a temperature at which the paraIr' embryos remain active as assessed both behaviorally and electrophysiologically (Broadie and Bate, 1993a) , did not show an increase in sprouting (12%, n = 156 segments in 15 animals). Therefore, collateral sprouting begins during embryogenesis and correlates with the failure of action potentials, not with adverse affects of elevated temperature.
There is also evidence that the nap, tipE, and sei protein products function during embryogenesis. For example, tipE and sei' have reduced Na current density in the embryo, and napIs is at least expressed during this period (O'Dowd et al., 1989; Kuroda et al., 1991) . The nap", tipE, and se? mutants show increases in the levels of collateral sprouting on muscle fibers 6 and 7 that are comparable to temperature-shifted para embryos. However, this increase is observed in animals reared at both 18°C and 34°C (Fig. 5B) . The embryonic restrictive temperatures for these mutants is unknown. However, unlike pararS', these mutants show a number of permissive temperature phenotypes, so it is 1 not unexpected that permissive-temperature sprouting occurs 1 (Siddiqi and Benzer, 1976; Wu and Ganetzky, 1980; Ganetzky 1 and Wu, 1986 ).
1
The critical period for the induction of ectopic endings includes both late embryogenesis and the first instat nap", se?, and tipE animals were temperature shifted during different periods of development in order to identify times when Figure 5 . The frequency of collateral sprouting increases in embryos with mutations that affect Na channels. A, Two alleles of the paralytic gene that encodes a Na channel, pard" and purdk5, show increases in collateral sprouting only at the restrictive temperatures, at which they are paralyzed (p < 0.005 by t test). n: CS lS"C, 111 hemisegments in 13 animals; CS 34°C 214 in 24; par& 18°C 143 in 15; par& 34"C, 200 in 22; purdx lS"C, 64 in 7; purP 34°C 82 in 9. B, Mutants of nap", sei', and tipE, which do not encode Na channels but do influence the number of functional Na channels at all temperatures in binding studies, show similar increases in the frequency of collateral sprouting at both 18°C and 34°C (p < 0.005 by t test). n: nap" 18°C 255 in 27; nap" 34"C, 138 in 19; xi' 18"C, 178 in 19; sei' 34"C, 160 in 19; tipE 18°C 157 in 15; tip/Z 34"C, 159 in 15. the reduction in activity is required for the enhanced sprouting phenotype observed following the temperature shift regimen (Fig. 6 ). When these mutants were reared at room temperature, the third instar larvae had a 17% frequency of ectopic endings on muscle fibers 7 and 6. However, this level increased to 30% after undergoing the temperature shift regimen throughout development. Only after the mutants were shifted during both the embryo and the first instar was an increase in the frequency of ectopic endings above room temperature levels observed (-25% of hemisegments; Fig. 6 ). All other combinations of temperature shift during development produced larvae that continued to display room temperature levels of ectopic endings. This includes temperature shifts during embryogenesis, second and third instars or during the first, second, and third instars (Fig. 6 ). Therefore, temperature shifting during both late embryogenesis and the first instar is essential in promoting the temperature-enhanced sprouting effect.
Collateral sprouting is mediated by the neuron
To determine if sprouting is mediated by loss of action potentials in the motoneuron or by loss of postsynaptic potentials, both TTX and the orb web spider venom AR636 were used to block electrical activity in the embryo. TTX prevents action potentials by blocking Na channels only in the nerve, because Na conductances do not exist in Drosophila muscle fibers (Broadie and Bate, 1993d) . In embryos, TTX has been shown to block action potentials and consequently EPSCs in the muscle fiber (Broadie and Bate, 1993~) . The orb web spider toxin, AR636, prevents glutamate receptor activation (Jackson and Underwood, 1988) . Glutamate receptors are found both in the CNS and at muscle fibers. Therefore, this treatment may not specifically block postsynaptic potentials. Previous studies indicate that embryonic treatment with AR636 prevents peristaltic movement as well as EPSCs after direct nerve stimulation (Broadie and Bate, 1993d) . We have also shown that AR636 injection into stage 17 embryos abolishes peristaltic movement and it blocks postsynaptic potentials induced by glutamate iontophoresis in third instar larvae (data not shown; Jarecki et al., 1991) . The toxins were applied for 4 hr at 25°C from the time when growth cones first contact muscle targets to early stage 17 when differentiating motor endings are evident. Two experimental protocols, a filleted embryo culture system and the direct injection of toxins into intact embryos, were used.
As expected, TTX addition to the culture medium induced collateral sprouting onto the muscle fibers 6 and 7; as was observed in the activity mutants, embryonic sprouts always originate from the transverse nerve (Figs. 4B,C; 7; Table 3 ). However, we found that cultured embryos have a higher basal level of sprouting than intact embryos (Fig. 5) , suggesting that the culture protocol promotes sprouting and NMJ development does not occur entirely normally. Even so, NMJ development proceeds as expected in culture as assessed by the normal temporal and spatial staining pattern of several neuronal and/or muscle markers, including fasciclins I, II, and III, HRP and Toll (Fig. 7; Jan and Jan, 1982; Halpern et al., 1991; McAllister et al., 1992; Nose et al., 1992; Van Vactor et al., 1993) . The addition of TTX to the culture bath increased the number of segments per embryo with a collateral sprout from 30% in control cultured embryos to 47% (p < 0.005). In contrast, AR636 treatment did not induce collateral sprouting (Table 3) .
Since cultured embryos showed a higher-than-normal baseline of collateral sprouting, the experiment was repeated on a smaller Percent hemisegments/larva with ectopic endings scale using a more difficult but more physiological procedure. After direct injection of the toxins into intact embryos, the same correlation was obtained as with the culture protocol (Figs. 4C,  8 ; Table 3 ). The frequency of collateral sprouting increased from 13% of hemisegments/animal in saline-injected embryos to 32% after TTX injection @ < 0.005). Both the control and experimental frequencies resulting from injection are very similar to those observed in wild-type and mutant embryos. As was seen in the culture experiments, AR636 did not affect collateral sprouting when injected into intact embryos (Table 3 ; Fig. 8 ).
Therefore, it appears that blocking neural activity plays the major role in inducing collateral sprouting. To test if loss of transmitter release is responsible for promoting collateral sprouting, third instar larvae bearing synuptotugmin mutations were analyzed. Synaptotagmin is a synaptic vesicle protein involved in neurotransmitter release. The generation of action potentials can still occur in these mutants, but the reduced neurotransmitter release leads to smaller postsynaptic potentials (Diantonio et al., 1993; Littleton et al., 1993) . The ADUT41 synuptotugmin transheterozygote was examined because it survives through larval development, but has a 75% reduction in evoked postsynaptic potentials in third instar larvae (Littleton et al., 1994) . The frequency of collateral sprouting on (14, 114) 13*3 (13, 125) 15*3 (19, 162) 19*3 (14, 144) 16*4 (20, 116) Figure 6. The critical period for inducing ectopic motor endings extends over late embryogenesis and the first instar. The black bars represent the stages of development during which the animals were temperature-shifted to 37°C for 6 hr/d. The percentage of hemisegmentsllarvae with one or more ectopic endings on muscle fiber 6 and 7 is shown for the different genotypes for the indicated temperature shift periods. (", ?SEM; ", number of animals and hemisegments analyzed). Increases in the frequency of ectopic endings over room temperature levels were observed only for temperature shifts that extend over both embryogenesis and the first instar @ < 0.05 for t&E and nap").
muscle fibers 6 and 7 did not increase over wild-type levels in third instar synuptotugmin larvae (6.5% of hemisegments/animal, n = 167 hemisegments in 18 animals). This supports the pharmacological evidence that the induction of collateral sprouting involves reductions in motoneuron activity as opposed to reductions in postsynaptic potentials.
Discussion
The Drosophilu NMJ is characterized by precise synaptic connectivity. Our experiments demonstrate that this connectivity is regulated by neural activity during a critical period that extends from late embryogenesis through the first larval instar. Reducing neural activity both genetically and pharmacologically promotes inappropriate neuromuscular synapses. These are observed at multiple levels of activity block that range from not influencing the viability or behavior of the animals to the total loss of action potentials. They are first observed as collateral sprouts during embryogenesis and later during the third instar as ectopically placed motoneuron endings. These data reveal a novel mechanism that regulates synaptic connectivity in Drosophila.
Collateral sprouting correlates with reductions in neural activity
Our analysis demonstrates that reducing neural activity results in collateral sprouting at the Drosophila NMJ. All of the temperature-sensitive mutants that affect Na channels display at least a partial sprouting phenotype that is indistinguishable from the effects of TTX treatment. Each mutant shows a similar temperature-enhanced increase in collateral sprouting, whereas wildtype strains do not. Moreover, a duplication of the paralytic gene, which rescues napIs paralysis, also suppresses ectopic ending induction. Since double mutant combinations have higher levels of ectopic endings than single mutants, the frequency of sprouting appears to increase as neural activity decreases. Furthermore, when constructing the double mutants, the mutantbearing chromosome was brought in trans to a new combination of chromosomes, controlling for background effects. All of this during stage 16. Embryos were filleted at late stage Wearly stage 16, when the growth cones first contact muscle targets. They were cultured for 4 hr at 25°C in L15 medium (see Materials and Methods). Anterior is up and the ventral midline is at the center. A, Cultured embryo stained with antibodies against horseradish peroxidase. Cultured embryos have normal CNS staining with anterior and posterior commissures (white arrow) and longitudinal connectives (white arrowhead).
All nerve branches are labeled, including the transverse nerve (black arrow), and the developing motoneuron ending at the shared cleft of muscle fibers 6 and 7 (black arrowhead).
Z?, Fasciclin II is expressed on multiple fascicles in the longitudinal connectives (black arrow), as well as on all nerve branches and innervation sites, including the SNb branch that innervates the shared cleft of muscle fibers 6 and 7 (black arrowhead). C, Fasciclin III is expressed normally on the RP motoneurons (black arrowheads), the axons that innervate muscle fibers 6 and 7 (black arrowhead), as well as the cleft between muscle fibers 6 and 7 (black . TTX injection into intact embryos increases collateral sprouting from the transverse nerve onto muscle fibers 7 (p < 0.005 by t test). AR636 injection does not influence the frequency of collateral sprouting. data analyzed in concert indicates that genetic background effects or other functions of these proteins cannot account for this phenotype.
The embryonic sprouting phenotype correlates with the previously reported severity in the block of neural activity at the permissive and restrictive temperatures. For example, nuprs, tipE, and se? mutants have multiple permissive temperature phenotypes, including reduced Na channel numbers, TTX sensitivity, increased refractory period, and suppression of the eag sh leg shaking phenotype Ganetzky, 1978, 1980; Ganetzky and Wu, 1982a,b; Jackson et al., 1984 Jackson et al., , 1985 Jackson et al., , 1986 . Consistent with this, mutant embryos also have increased levels of sprouting at both permissive and restrictive temperatures. In contrast, para's larvae do not have any of the above-mentioned permissive temperature phenotypes, and even the null pardk5 embryos t remain active at room temperature (Keshishian et al., 1993) . Accordingly, the para embryos do not exhibit the sprouting phenotype at permissive temperatures (Siddiqi and Benzer, 1976; Wu and Ganetzky, 1980; Kauvar, 1982; . However, at the restrictive temperature, action potentials are blocked in para embryos (Broadie and Bate, 1993a) , and we observe elevated levels of sprouting at the NMJ. Consistent with these results, glutamate receptor localization remains normal in para"' and para null embryos but is blocked at restrictive temperature (Broadie and Bate, 1993a) .
Moreover, heterozygotic paraLk5 embryos reared at the restrictive temperature also show increases in collateral sprouting.
Consistent with this, paralk5 has several described dominant phenotypes, including dominant lethality in a nap" background (Ganetzky, 1984) and dominant suppression of Shaker leg shaking behavior (Stern et al., 1990) . Since parafk5 behaves as a null mutant, heterozygotes may have a greater reduction in the number of functional Na channels than the hypomorphic parafS' embryos. The temperature sensitivity of these mutants is proposed to be induced by reduced Na channel number as opposed to instability of the channel at elevated temperatures. This is because in Drosophila action potentials are blocked at elevated temperatures in animals with fewer Na channels because as temperature increases, the rate of potassium channel activation also increases, preventing sufficient depolarization of the nerve (Nelson and Wyman, 1989) .
The critical period for ectopic ending formation includes both embryogenesis and the first instar Critical period analysis indicates that reductions in neural activity are required during both embryogenesis and the first instar to promote ectopic ending formation. The formation of these ectopic endings appears to occur in two steps. Blocking neural activity during embryogenesis induces filopodial-like sprouting, whereas continued reduction into the first instar stabilizes the sprouts into differentiated synapses. This theory is supported by data obtained from the paratA' mutant. para'?' embryos raised at 34°C but not at 18°C have sprouts. These later disappear, and increases in ectopic neuromuscular synapses are never observed in pararS* larvae. Therefore, while collateral sprouts can be induced in parali' embryos, they are not stabilized during subsequent development. In napIS, se?, and tipE embryos, collateral sprouting is observed at all temperatures. These mutant larvae have several permissive temperature phenotypes not observed in parafs' larvae, including reductions in Na channel number in ligand binding assays, changes in refractory period and TTX sensitivity, and the ability to suppress eag sh leg shaking (Siddiqi and Benzer, 1976; Ganetzky, 1978, 1980; Ganetzky and Wu, 1982a,b; Kauvar, 1982; Jackson et al., 1984 Jackson et al., , 1985 Jackson et al., , 1986 . Therefore, at permissive temperature pararS' larvae appear to have a less severe hypoactivity phenotype than the other mutants. Our data suggests that an embryonic permissive-temperature sprouting phenotype predicts the appearance of ectopic endings in the third instar. This indicates that neural activity must be partially reduced throughout late embryogenesis and the first instar to promote stable ectopic endings, and that reducing neural activity just 6 hr/d during the temperature shift as in para"' is not sufficient to induce ectopic ending formation.
Therefore, ectopic ending formation seems to occur during two distinct phases during embryogenesis and the first instar. The developmental time course for the growth of ectopic endings is similar to that of the native endings. Embryonic neuromuscular endings are immature with most ending differentiation occurring during larval development (Keshishian et al., 1993) . Consistent with this, embryonic collateral sprouts are always filopodial. In addition, all arise from the transverse nerve, unlike third instars in which they arise from a variety of nerve sources. This suggests that ectopic endings from the other sources develop later during the last stages of embryogenesis. This is consistent with the critical period data, which suggests that neural activity must be reduced during stage 17 of embryogenesis, which for technical reasons is later than the period when embryonic sprouting was assessed. Therefore, it appears that collateral sprouts are induced during embryogenesis but differentiate during larval development. This proposed two-step model for the induction of sprouting follows the known developmental time course of the native endings suggesting that the induction of ectopic ending formation in Drosophila occurs during early periods when connectivity is normally being established.
Mechanisms of paralysis-induced collateral sprouting
Several mechanisms may account for the induction of collateral sprouting at the Drosophila NMJ. Our data provide strong evidence that the induction of collateral sprouting results from the loss of electrical activity in the neuron as opposed to the muscle. For example, the spider toxin AR636, which is a potent blocker of glutamatergic PSPs, and synaptotagmin mutants, which reduce neurotransmitter release, do not result in sprouting, whereas a series of Na channel mutants and TTX do. The results obtained from the seizure mutants also point to a mechanism in which electrical activity is required in the motoneuron as opposed to the muscle fiber. seizure is a member of the eag potassium channel family with a hyperactive phenotype at the adult giant fiber (Kasbekar et al., 1987; L. Hall, personal communication) .
However, only se?, not se?, displays a reduced number of Na channels and Na current density, and we only observed elevated levels of ectopic endings in sei' mutants, suggesting that collateral sprouting is induced by the Na channel defect in the neuron. All of the above evidence suggests that the loss of electrical activity in the motoneuron rather than the muscle fiber is responsible for the induction of collateral sprouting. This is in contrast to the vertebrate NMJ, where blocking acetylcholine receptor activation is sufficient to induce collateral sprouting (Brown, 1984) .
However, the involvement of the muscle fiber in the induction of collateral sprouting cannot be ruled out. Drosophila motoneurons express several cotransmitters that may continue to stimulate the muscle fiber after glutamate receptor activation is prevented (Anderson et al., 1988; Cantera and Nassel, 1992; Gorczyca et al., 1993; Keshishian et al., 1993; Zhong and Pena, 1995) . However, the synaptotagmin protein probably regulates the release of all neurotransmitters, as it is expressed at both dense and clear vesicles (Walch-Solimena et al., 1993) . Alternatively, the loss of neural activity might indirectly induce a change in the muscle fiber that would in turn cause motoneuron growth. In this case, the requirement for electrical activity would be autonomous to the motor neuron, but the muscle fiber would be involved in the induction of sprouting.
Although repulsive signals have been suggested to regulate connectivity (Nose et al., 1994; Matthes et al., 1995) it is unlikely that native endings actively repel their, neighbors. For example, muscle fibers are multiply innervated (Broadie and Bate, 1993~) and can accept target-deprived foreign inputs, which argues against the secretion of a repulsive factor from the native ending (Cash et al., 1992) . Therefore, we favor an inductive mechanism rather than a repulsive one for the induction of collateral sprouting.
In vertebrate systems, blocking postsynaptic activity induces collateral sprouting, and the secretion of growth factors from muscle fibers has been implicated in this process. For example, denervation or paralysis cause the reexpression of insulin-like growth factors I and II in adult muscle fibers, although these growth factors are normally down-regulated during synapse elimination (Ishii, 1989; Caroni and Schneider, 1994) . Moreover, they can promote collateral sprouting in vivo (Caroni and Grandes, 1990; Caroni and Schneider, 1994) . Synaptic activity regulates the expression of a number of growth-related molecules at the vertebrate NMJ including IGF, NCAM, GAP-43, and myogenin, suggesting that synaptic activity may serve as a developmental switch after synaptogenesis (Couvalt and Sanes, 1985; Reiger et al., 1985; Ishii, 1989; Caroni and Grandes, 1990; Eftimei et al., 1991; Caroni and Becker, 1992; Caroni and Schneider, 1994) . Perhaps the initiation of synaptic activity terminates a growth program after synaptogenesis, and blocking synaptic activity later in life reinitiates it. However, it remains unclear whether a similar mechanism occurs in Drosophila.
The role of electrical activity in NMJ development
In Drosophila, blocking electrical activity does not affect axon pathfinding or target selection (Broadie and Bate, 1993a) . Therefore, as in many vertebrate systems, these early events are independent of neural activity. In vertebrates, subsequent processes such as synapse elimination do depend on synaptic activity (reviewed by Coleman and Lichtman, 1993) . However, electrophysiological evidence as well as the fact that muscle fibers remain polyinnervated throughout larval development suggests that competition does not occur in Drosophila (Broadie and Bate, 1993~; Keshishian et al., 1993) . Consistent with this, muscle fibers can accept innervation by a neighboring target-deprived motoneuron without altering the morphology of the native synapse (Cash et al., 1992) .
Later in Drosophila NMJ development, after outgrowth and target selection are complete, reducing neural activity disrupts NMJ connectivity. Collateral sprouting in Drosophila can also be induced by denervation (Keshishian et al., 1993 (Keshishian et al., , 1994 Halfon et al., 1995) . As in paralysis, denervation-induced sprouts first appear in late embryogenesis, just after the completion of target selection. Furthermore, they localize glutamate receptors Bate, 1993a, 1993b) and develop into functional ectopic endings originating from the same nerve sources as those induced by paralysis (Keshishian et al., 1993 (Keshishian et al., , 1994 Halfon et al., 1995) . However, it remains unclear if the mechanisms responsible for sprouting are the same in paralysis and denervation in Drosophila.
For example, denervation causes a frequency of ectopic endings on muscle fibers 6 and 7 that is twofold higher than the highest frequencies ever observed in larvae with reductions in neural activity. Moreover, denervation probably involves signals from the muscle fiber, and paralysis-induced sprouting appears to involve the loss of neural activity. Therefore, the presence of the nerve, not synaptic transmission, may prevent growth-promoting signals from the muscle fibers. els have been shown to change both the number of branches at the NMJ as well as the total terminal length by the first instar (Broadie and Bate, 1993a; Keshishian et al., 1993) . Many of these changes are likely to occur postembryonically, since the most branches and boutons arise during larval life (Keshishian et al., 1993) .
Our experiments demonstrate a novel aspect of the regulation of neuromuscular connectivity. Although the Drosophila NMJ is characterized by precise synaptic connections, this connectivity can be modified by changes in the levels of neural activity. Early events like nerve outgrowth and target selection are activity independent, but subsequent processes, such as the maintenance of precise innervation, depend on neural activity. The well-characterized Drosophila neuromuscular system, with its added benefit of genetic manipulation, is perfectly suited for further experimentation that will lead to a greater understanding of the molecular mechanisms underlying plasticity in all organisms.
